more economical than conventional technology (Leson and Smith, 1997; O'Neil et al., 1992; Nicolai and Janni, 1998) . There are multiple advantages in the use of compost−based biofilters, including: (1) low energy cost and oxidation of contaminants to inert compounds; (2) continuous degradation without the use of chemicals or high temperatures; (3) diverse microbial community capable of mixed contaminant degradation; (4) more cost effective than adsorption, catalytic oxidation, and incineration; (5) higher degradation rates compared to soil, peat, and wood chips; (6) waste material is re−used (e.g., solid waste can be composted and used in biofilters); (7) large surface area and thin biofilm reduces mass transfer resistance, and thus the reactor is applicable to poorly water−soluble compounds such as H 2 S; and (8) reduced water consumption compared to trickle bed or scrubber systems.
In a biofilter, pollutants are collected and passed through a reactor containing packing (e.g., compost) seeded with a microbial biofilm. In addition to compost, other amendments (e.g., wood chips) are added to reduce pressure drop and/or provide a solid phase buffer. As the emissions pass through the biofilter, the air pollutants are transported from the gas phase to the stationary water/biofilm on the compost matrix and degraded to CO 2 and H 2 O by the microorganisms in the biofilm. If the air pollutants are inorganic in nature (e.g., NH 3 ), lithotrophic bacteria will develop that consume the inorganic compound as an energy source (e.g., nitrifying bacteria that convert NH 3 + O 2 + H + → NH 4 NO 3 salts, equation not balanced).
Compost biofilters have been used to degrade a wide range of air pollutants, such as benzene, toluene, ethanol, MEK, styrene, and hexane (Bohn, 1992; Ottengraf, 1986; Cox et al., 1993; Morales et al., 1994; Kastner et al., 1999 Kastner et al., , 2000 . Biofilters have also been used to remove odorous compounds such as H 2 S and ammonia (Tang et al., 1996; Leson and Winer, 1991; Yang and Allen, 1994; Prokop and Bohn, 1985; Chung and Huang, 1998; Weckhuysen et al., 1994; Smet et al., 2000) . Recently, compost−based reactors were shown to remove NH 3 at high rates (4.1 mg NH 3 m −3 s −1 ) and inlet concentrations (>70 mg m −3 ; Smet et al., 2000) . Ammonia oxidation probably occurred due to the presence of nitrifying bacteria in the compost, since inoculation of these bacteria was not required. Ammonia toxicity was not observed, even at inlet concentrations as high as 550 mg m −3 (approximately 790 ppm). However, inhibition was eventually observed due to NH 4 NO 3 build−up.
Given the advantages of biofilters, multiple large−scale units have been installed and operated for several years in industrial applications (Gostomski 1999; Devinny et al., 1999) . However, most ammonia biofiltration research has focused on small bench−scale units, and little research has been conducted on actual waste streams in the U.S. Design procedures for biofilters in agricultural processes have been developed, but they do not measure ammonia degradation kinetics critical to accurate sizing (Phillips et al., 1995; Scotford et al., 1996) . Thus, although biofilters have been successfully used for odor and volatile organic compound control for 20 years or more, design data applicable to swine operations are not available. Little data are available on ammonia and VOC degradation kinetics in agricultural operations, scale−up effects on conversion, reactor longevity, water requirements, and the feasibility of using compost as the catalyst for NH 3 degradation. This information is critical to accurately cost and size biofilters for the desired outlet concentration.
Thus, the objectives of this research were to install and operate a pilot−scale biofilter at a swine facility to treat ammonia emissions, obtain kinetic data on the degradation of ammonia in the air emissions, and use the kinetic data to develop rate laws for use in reactor design equations to predict the packing volume and reactor size required at full scale. These results would provide a preliminary design method for a full−scale biofilter system.
MATERIALS AND METHODS

SWINE OPERATION
The research was conducted at a modern 2400−sow farrow−to−wean unit focusing on the breeding/gestation building odor/particulate emissions. The building was a curtain−sided, tunnel−ventilated facility housing approximately 2000 sows, boars, and replacement gilts. The building was approximately 23.2 × 122 m with air inlets at the center of the building and 0.3 to 1.22 m fans at each end. Sows were housed in standard gestation crates with an automatic drop−type feeding system. The flooring was composed of concrete gang slats with a shallow pull−plug waste system. The tunnel ventilation fans of the breeding/gestation unit exhaust air southward toward the anaerobic lagoon.
PILOT−SCALE BIOFILTER
A mobile, skid−mounted biofilter was used to determine the kinetics of NH 3 oxidation ( fig. 1 ). The biofilter system consisted of a packed−bed humidifier (far right in fig. 1 ) and two identical reactors (each constructed of fiber−reinforced plastic), all connected by 10.2 cm (ID) schedule 40 PVC pipe. The two reactors were 1.22 m in diameter and height and connected in parallel to the blower. A variable−speed blower (model AF−9, American Fan Co., with a Baldor 3450 rpm variable−speed motor) was used to draw air from one of the exhaust fans at the swine facility. The slipstream consisted of flexible corrugated PVC pipe connected to the intake (suction side) of the blower. Gas sample ports were installed along the reactor to determine the concentration profile for kinetic analysis. The reactors had a packing volume of approximately 0.35 m 3 per reactor, or 0.71 m 3 total, with a support matrix (plastic plenum, fig. 2 ) for air distribution (for upward flow). In our study, air was passed downward across the reactor bed. Moisture was added via spray nozzles in each reactor, and an on−line monitoring system of flow, pressure drop, and temperature was used.
PILOT−SCALE BIOFILTER MEDIA
The media for the mobile biofilter was 4:1 (v/v) yard waste compost/plastic bulking agent or yard waste compost alone. The yard waste compost was produced from organic debris (mostly wood) and screened to remove all particles greater than 2.54 cm. The composting process consisted of tub−grinding the woody material and forming the ground material into 110 m windrows that were turned periodically over a 9 to 12 month period.
Based on bench−scale results and other research conducted within our group, the following decisions were made regarding the packing material for the pilot−scale biofilter system. A compost−based material was used since compost contains a large number of active microorganisms, and it is relatively inexpensive and easily available. The compost was pre−screened to exclude fine particle−sized material that can cause pressure drop problems. Recently finished compost (0 to 3 months) was utilized as packing material and amended with an inert packing material (e.g., plastic saddles) to increase porosity, minimize pressure drop, and minimize compaction and channeling ( fig. 2 ; McGuckin et al., 1999) . Another reactor received an organic amendment (compost alone) in order to compare the effect of the different amendment types ( fig. 2) . Although less expensive, organic amendments are anticipated to degrade with time, causing compaction, increased pressure drop, and channeling. The media was not inoculated (e.g., with activated sludge) before or after start−up. The reactors were packed to a height of 0.86 ft, resulting in approximately 1.0 m 3 active reactor volume.
AMMONIA ANALYSIS
Ammonia concentration was measured using ammonia reaction tubes (model 100−05, 1 to 30 ppmv ±12%, RAE Systems, Sunnyvale, Cal.) and an ammonia sensor (Polytron 2, 0 to 100 ppmv, 1 ppmv resolution, Draeger, Luebeck, Germany). The Polytron 2 was factory calibrated, and the calibration was verified in our lab (one time before use in the field) using a gas standard generator (Kin−Tek, LaMarque, Texas). Inlet NH 3 concentration was varied (0 to 25 ppmv) for various runs in the pilot−scale system using a simulated stream. Ammonia concentrations were analyzed at the inlet, along the three sample ports, and at the outlet of each reactor in the pilot−scale studies.
KINETIC ANALYSIS SWINE FACILITY
RAE ammonia tubes (model 100−05) were used to determine the NH 3 concentration (ppmv) of the exhaust from the swine facility (inlet) compared to the concentration of ammonia in the air exiting the biofilter from both reactors. The tube was placed directly in the flow path, and a 100 mL sample was taken over 1 min. The concentration was estimated from the tube by observing the location of the color change corresponded to a scale of 1 to 30 ppmv.
After a sample was taken from all three locations, the airflow was increased to the next predetermined location, allowed to equilibrate for 15 min, and subsequently airflow measurements were taken with a TSI air velocity meter (model 8355, 0 to 30 m/s, ±0.015 m/s). The flowmeter gave digital readings for air velocity, volumetric flow rate, and air temperature on an average basis. The readings were taken at two points, one before the split to the reactors and one on the line to the second reactor. Therefore, total flow and the flow to reactor 2 were measured, and flow to reactor 1 was calculated. Data collection lasted approximately 6 months at the swine facility.
SIMULATED NH 3 STREAM
During most of the kinetic analysis at the swine facility, inlet NH 3 concentrations ranged from 0 to 10 ppmv (0 to 6.5 mg m −3 ). In order to test the effect of increasing NH 3 concentrations on removal efficiencies, a separate source of NH 3 (vapors from a tank of liquid NH 3 ) was fed into the air stream at a defined rate. Ammonia was injected before the humidifier and after the blower (the humidifier was not operated to prevent removal of ammonia). The inlet and outlet concentrations from the biofilter were analyzed to determine the fractional removal efficiency of ammonia. The gaseous flow rate from the tank of liquid ammonia was controlled by a Dwyer flowmeter with a range of 0 to 1 L min −1 and was set at 0.2 L min −1 to give an approximate concentration of 25 ppmv (17.4 mg m −3 ) at the inlet. However, periodic oscillations in the inlet concentrations were observed due to temperature fluctuations during the day.
Draeger Polytron 2 transmitters with ammonia sensors monitored the inlet (one transmitter) and outlet concentrations from both reactors (two transmitters). A Campbell Scientific 21X data logger collected data from the three transmitters and received a 4 to 20 mA signal averaged over 60 s, which was recorded every 5 min. The data were downloaded daily using Campbell Scientific computer software.
Ammonia RAE tubes were used daily at the inlet and outlets to manually check the concentration and the calibration of the Polytrons. The tubes had a range of 1 to 30 ppmv and a sample volume of 100 mL. Other parameters monitored daily were temperature and relative humidity at the inlet and outlets, which were observed using a digital humidity meter (model RH30−C, Omega Engineering, Stamford, Conn.). The airflow through the reactors was measured using a VelociCalc (model 8355, TSI, Shoreview, Minn.). Once a week, the RAE tubes were used to take a profile of the reactors to monitor NH 3 removal over the length of each reactor. Data collection lasted approximately 10 days using the simulated NH 3 stream.
MOISTURE ANALYSIS
The moisture content of the media was determined periodically by a gravimetric method, and adjustments were made accordingly. The pressure drop across each reactor was also determined as a function of flow rate. The initial moisture content of the composted yard waste used in the pilot−scale biofilter was approximately 35% to 40% (wet weight, g g −1 ). On a periodic basis, water was added via the spray nozzles in each reactor to first raise the moisture content to 50% to 60% and then maintain the moisture content in this range.
PULSE TRACER ANALYSIS
A tracer analysis was performed on the biofilter during its operation. One liter of 1% (10,000 ppmv) methane (CH 4 ) was injected using a calibrated syringe just in front of the biofilter. The tracer concentration was sampled and recorded every second until the concentration had dropped to zero, using a Thermo Environmental 680 hydrocarbon vapor meter connected to a port at the biofilter outlet. Tracer analysis was repeated four times at predetermined flow rates and subsequently replicated at the end of the project, using 2 L of 1% (10,000 ppmv) methane.
RESULTS
KINETICS OF AMMONIA REMOVAL
An important objective in reactor design is to determine a rate law that can be substituted into a design equation to estimate the reactor volume or catalyst mass required for the desired conversion. It was initially assumed that the biofilter acted as a plug−flow reactor and first−order kinetics applied (eq. 1), since the inlet ammonia concentrations were low (0 to 10 ppmv at the swine facility, and 0 to 25 ppmv during simulation studies at the University of Georgia). Removal efficiencies ([C Ain −C Aout ]/C Ain ) for reactors treating a simulated ammonia stream ranged from 70% to 100% conversion for inlet flow rates of 0.45 to 0.85 ft 3 min −1 (70 to 133 s residence time) and ammonia inlets from 8 to 25 ppmv (figs. 3 and 4). Removal efficiencies were much lower at lower inlet concentrations (0 to 5 ppmv at the swine facility) and residence times (table 1) . The design equation for a tubular or plug−flow reactor was used to calculate a rate constant and reaction order, assuming a homogeneous system, constant reactor volume (V), constant pressure, constant temperature, and O 2 in excess. The integral method was used to determine the rate constant (k) and the reaction order (n) (again n was assumed to be 1). The form of the rate law was assumed (e.g., first order; eq. 1), substituted into the design equation (eq. 2), integrated and solved for k, assuming a constant flow rate (eq. 3). If after changing the mass flow rate (F A ) by changing the inlet flow rate (Q) or the inlet concentration (C Ao ), k remains constant, then the form of the rate law is correct and k and n are known (over the range of conditions tested; Smith, 1981) :
where −r A is the ammonia degradation rate (mg m −3 s −1 ), k is the first−order rate constant (s −1 ), F A is the mass rate of ammonia (mg s −1 ), V is the reactor volume (m 3 ), Q is the volu− metric flow rate (m 3 s −1 ), C Ao (mg m −3 ) is the inlet gas phase concentration, and C A (mg m −3 ) is the outlet concentration. There are two methods to determine the rate constant (k) using equation 3: k can be calculated at each point (i.e., fractional conversion), or a plot of V/Q versus ln(C Ao / C A ) can be generated with the slope equal to k. In the first method, a systematic change in k suggests that the first−order assumption (or reaction order) may be incorrect. The systematic increase in k (first order) with fractional conversion for data sets from both reactors initially suggested that a first−order overall model was not valid ( fig. 5) . However, assuming a zero−order rate law (i.e., −r A = k) gave a larger variation in the rate constant (data not shown), suggesting that the reaction order at these concentrations was first order. Thus, the first−order rate constants were 0.08 ±0.03 s −1 for reactor 1 and 0.05 ±0.03 s −1 for reactor 2.
In addition, analysis of data at higher inlet NH 3 concentrations again indicated that the overall rate of NH 3 was first order; the zero−order rate constant increased linearly with NH 3 concentration, compared to a relatively constant value if first order was assumed ( fig. 6 ). The average first−order rate constants were 0.038 s −1 for reactor 1 and 0.011 s −1 for reactor 2 (table 2), which were similar in value to the previous results (table 1) but lower than the values based on analysis performed at the swine facility and lower inlet concentrations. Assuming an overall first−order reaction, the NH 3 reaction rate (mg consumed m −3 of packing s −1 ) was calcu− lated over a range of inlet concentrations (eq. 1) for kinetic analysis performed both at the swine facility and in the simulation experiment. In general, the reaction rate was higher in reactor 1 (compost only) than in reactor 2 with compost and plastic saddles ( fig. 7) .
EFFECT OF MOISTURE CONTENT
One of the primary difficulties in operating the biofilter was to maintain adequate moisture content for microorgan− ism survival or activity and thus ammonia degradation. Due to the high flow rates, low inlet relative humidity, and the non−uniform distribution of the spray nozzles, the moisture content of the packing material fluctuated significantly (tables 3 and 4). It is apparent from tables 3 and 4 and figure 8 that the moisture content declined with depth in the direction of airflow (downward across the bed), although moisture was added at the top via spray nozzles. Investigation of the spray pattern indicated that the water stream was not significantly uniform to provide contact with the entire packing, resulting in preferential wetting. In addition, comparison of the profiles of ammonia concentration along the length of the packing with moisture contents at different depths demonstrate the effect of low moisture content on removal efficiency. If the moisture content was above 30% to 40%, ammonia was oxidized in the reactor ( fig. 8, top) , but declines in moisture content significantly reduced removal efficiency ( fig. 8 , bottom). For example, overall ammonia removal efficiency only reached 30% when the moisture content was at or below 30%, compared to 80% when the moisture content in 50% or more of the bed was above 50% (fig. 8 ). It is also clear from these data that ammonia removal rates (and the measured rate constants) could be increased if moisture control is maintained; e.g., based on the ammonia profile and moisture content analysis, only approximately 20% to 50% of the packing was utilized ( fig. 8 ).
RESIDENCE TIME DISTRIBUTIONS
Compost−based biofilters are packed−bed reactors typically assumed to be of the plug−flow type. However, as reactors are scaled up, their height to diameter (H/D) ratios decrease significantly (to reduce pressure drop, packing heights are typically limited to 0.9 to 1.5 m), which may cause channeling and bypassing of the media. Wetting and drying cycles may also cause preferential path formation and channeling as well, all of which would reduce the effective reactor volume and reduce predicted conversion efficiencies. In order to evaluate the potential of non−ideal flow patterns in the reactors and their effects on conversion, a tracer analysis test was performed. Methane (CH 4 ), a relatively inert, poorly water−soluble compound was used as the tracer, since little would dissolve into the moisture or be consumed in the reactor during the short duration of the pulse analysis. Few bacteria (i.e., methanotrophs) in compost are capable of degrading methane, especially if the reactor media has not been pre−exposed to methane. In addition, use of methane as the tracer allowed continuous monitoring of the outlet stream.
Methane pulse tracer analysis indicated that flow through the compost beds deviated from plug flow; however, distinct channeling was not observed (i.e., a bimodal distribution in the concentration versus time curve was not observed). A typical tracer analysis is shown in figure 9 (CH 4 recovery ranged from 65% to 100.3%). The residence time distribution (RTD) analysis was subsequently developed from the tracer data and application of equation 4 (the data were numerically integrated to obtain the RTD). The true mean residence time (t m ) was calculated using the tracer data and equation 5:
The RTD studies were also used to estimate dispersion within the packed−bed reactors (i.e., deviation from plug flow). The vessel dispersion number (or 1/P e , where P e is the Peclet number) was calculated from the tracer analysis, E(t), t m , and the variance shown in equation 6 (second moment about the mean; Fogler, 1986 ): 
The vessel dispersion number was calculated from the variance and equation 7 by trial−and−error numerical solution (Fogler, 1986) : Vessel dispersion has a reported range of 1/P e < 0.025 (small), 0.025 < 1/P e < 0.2 (intermediate), and 1/P e > 0.2 (large) (Fogler, 1986) . The Peclet number is equal to the linear velocity (U) times the packing length (L) divided by the effective dispersion coefficient (D e ).
In our experiments, the vessel dispersion number ranged from 0.03 to 0.08, indicating that deviation from plug flow was in the intermediate range. In addition, it appeared that as the H/D ratio of the reactor was decreased, dispersion increased; e.g., there was less dispersion in the bench−scale reactors with an H/D ratio of 6/1 compared to the pilot−scale reactors with an H/D ratio less than 1 (fig. 9 ). These data suggest that scale−up to treat larger volumetric flow rates will result in significant deviations from ideal plug flow, which must be accounted for in the design equations; i.e., the packing volume required for 95% or greater ammonia conversion could be significantly larger than that predicted using first−order kinetics alone. For example, a typical biofilter treating 2,831 to 3,500 m 3 min −1 of rendering emissions has dimensions of 0.91 × 12.2 × 30.5 m (H × W × L) or an H/D ratio of 0.075, which could result in significant dispersion and underestimate the packing volume required to treat the ammonia emissions due to a reduction in the effective reactor volume relative to ideal conditions.
SIZING THE REACTOR
As noted by Leson and Winer (1991) , biofilter design should be based on bench−scale or pilot−scale kinetic data. Thus, once the rate law (−r A = f[rate constant, C A , temperature]) has been determined, it can be inserted into the design equation and solved for the reactor volume (eq. 8), given the inlet conditions and required removal efficiency, or X (X = [C Ain −C Aout ]/C Ain ). Equation 8 assumes that Q is constant and that r A depends on only one species; the presence of multiple VOCs would require separate kinetic data. Depending on the operating kinetic regions, the volume required for the desired conversion will vary with the order and flow rate:
Sample calculations follow in which the reactor design approach is used to size a biofilter to remove ammonia from hypothetical swine facility streams of 40 m 3 s −1 and 5 ppmv ammonia (3.3 mg m −3 , T = 25°C, C Ao ) and 6 m 3 s −1 and 25 ppmv (16.5 mg m −3 ). The ventilation flow rates were estimated from Nicolai and Janni (1998) based on the maximum and minimum ventilation rates (i.e., summer and winter) for a sow gestation building and a deep pit system. Inlet NH 3 concentrations were based on our measured concentration during the summer and the maximum values projected to occur during the winter. Calculations were made assuming a 99% conversion is required, resulting in outlet NH 3 concentrations (C A ) of 0.033 mg m −3 and 0.165 mg m −3 , respectively. Since the kinetics of ammonia appeared to be first−order to 25 ppmv NH 3 , a first−order rate law was assumed, and a rate constant of 0.08 s −1 was used (table 1) , resulting in a rate law of −r A = 0.08C A . The rate law was inserted into equation 8 and then integrated, resulting in equation 9, which was used to determine the reactor volume required for the two defined conditions (assuming ideal plug flow). Using this approach, reactor (i.e., packing) volumes of 345 to 2300 m 3 were calculated (table 5) :
Once the reactor volume required for conversion has been determined, the mass of catalyst (e.g., compost) can be determined from the bulk density or reactor packing density. Compost bulk density has been reported to range from 0.18 to 0.30 g cm −3 (45.6 to 63 wt % water), and packing densities from 0.5 to 0.7 g cm −3 have been reported (Kastner et al., 1999; Yang and Allen, 1994 ). We measured a bulk density of 637 kg m −3 (53% moisture), which was used to estimate the mass of media required for each condition (table 5) .
DIMENSIONING THE REACTOR
Once the reactor volume has been calculated based on the kinetics of the reaction (and the required conversion and volumetric flow rate), the height and cross−sectional area must be specified. The height and cross−sectional area of the reactor are a function of the pressure drop at the required flow rate and should be based on a pressure drop per unit height versus linear velocity curve for the packing of interest. A pressure drop ranging from 100 to 150 Pa was measured over a linear velocity of 0.04 to 0.14 m s −1 for the pilot−scale biofilter, and higher pressure drops were measured for bench−scale studies with smaller particle sizes ( fig. 10 ). Nicolai and Janni (2001) 
NON−IDEAL REACTOR DESIGN
To estimate the effect of deviation from plug flow on ammonia conversion, a simple first−order dispersion model (eq. 10) was used to predict ammonia conversion (Fogler, 1986) :
where Q is the dimensionless concentration (C A /C Ao ), l is the dimensionless reactor length (y/L), C A is the gas phase concentration at any positiony, C Ao is the inlet gas phase concentration, L is the reactor length, X is the ammonia conversion between the inlet and outlet of the reactor, and D a is the Damkoler number for a first−order reaction k t, where t is the reactor length (L) divided by the linear velocity (U). The solution of equation 10 gives equations 11, 12, and 13 (Fogler, 1986) : 
Utilizing a base case of 40 m 3 s −1 (Q), 5 ppmv ammonia (3.3 mg m −3 , T = 25°C, C Ao ), and a reactor volume of 2300 m 3 , increasing the vessel dispersion number from 0.03 to 0.5 reduced ammonia conversion by roughly 7% (table 5) .
DISCUSSION
KINETICS
The degradation of ammonia in a pilot−scale biofilter has been demonstrated and followed first−order kinetics up to an inlet ammonia concentration of 25 ppmv (approximately 17 mg m −3 ); i.e., the removal rate increased with increasing ammonia concentration. The first−order rate constant for the process ranged from 0.01 to 0.08 s −1 . Using first−order kinetics, the overall removal rate was calculated to increase linearly with inlet NH 3 concentration and range from 0.04 to 0.8 (mg consumed m −3 packing s −1 ) for mass loading ranging from 0.05 to 0.25 (mg m −3 s −1 ). Our results compare favorably to those of Smet et al. (2000) , who measured removal rates of 0.3 to 2 mg m −3 s −1 at higher loading rates (0.6 to 2.6 mg m −3 s −1 ) due to treating higher inlet concentrations (70 to 550 mg m −3 ) in bench−scale reactors. These data suggest that the compost−based biofilter system can handle much higher concentrations of ammonia, if required. Again, similar to our results, Smet et al. (2000) reported instantaneous ammonia removal using composted material (not greater than 2 months old), without inoculation of ammonia oxidizing bacteria. These data indicate the value of using composted material as the packing media to minimize start−up time and increase the capacity of ammonia oxidation. It is highly unlikely that using bark, wood chips, or heather alone would have resulted in significant ammonia removal (or a long lag time would be required), given the limited microbial populations in these media. For example, Nicolai and Janni (2001) reported a reduction in ammonia removal if the percentage of compost decreased below 30% in a biofilter system treating ammonia.
In general, the removal kinetics in a biofilter is directly proportional to the number of microorganisms in the matrix active toward the compound of interest. The maximum ammonia removal rate of 0.8 mg NH 3 m −3 s −1 reported in our work was lower than the value (4 mg NH 3 m −3 s −1 ) observed by Smet et al. (2000) . This may have been due to the fact that Smet et al. (2000) exposed their compost matrix to higher ammonia concentrations, allowing for higher bacterial growth rates and ultimately higher numbers of ammonia−oxidizing (lithotrophic) bacteria. Inorganic and organic media (e.g., peat, rock wool, ceramic pellets, etc.) have been seeded with nitrifying sludge and ultimately achieved high ammonia degradation rates ranging from 8 to 24 mg NH 3 m −3 s −1 , probably due to the high numbers of ammonia oxidizing bacteria (3.3 × 10 7 to 1.1 × 10 8 cells g −1 ; Kim et al., 2000) . In addition, volatile organic compounds, such as acetone, butanol, and methylethylketone, which are degraded by heterotrophic populations (heterotroph levels are significantly higher than lithotrophs) in compost, have higher maximum elimination capacities without seeding (64, 21, and 33 mg m −3 s −1 , respectively; Devinny et al., 1999) . These data suggest that compost pre−adaptation and/or seeding combined with moisture control (see below) can increase the kinetics of ammonia oxidation and removal rates, and subsequently reduce the required reactor volumes.
EFFECT OF MOISTURE
Our results also indicate that the overall NH 3 removal rate (and rate constants) could be increased if the moisture content is controlled between 45% and 60% (by weight), potentially reducing the reactor size and mass of compost required to remove the ammonia at a defined conversion. The primary problem with our system was the spray pattern and lack of air humidification (this was done to make sure the NH 3 removal was solely due to the biofilter). Prehumidifying the air and using a more uniform distribution pattern for the water in the reactors (e.g., soaker hoses installed throughout the reactor) could significantly improve moisture control.
The negative effect on the reduction in ammonia removal efficiency has been previously observed (Nicolai and Janni, 2001; Hartung et al., 2001) , and these sources suggest that moisture contents should be maintained above 40% (40% to 50%). Interestingly, Nicolai and Janni (2001) observed that reduced moisture content has less of an impact on media composed of higher ratios of compost to wood chips. This may be due to the higher moisture−holding capacity of compost. It is clear that future research is required to develop inexpensive methods to prehumidify the air, and monitor and control bed moisture content.
REACTOR DESIGN
Once degradation kinetics has been measured (i.e., the reaction order and constant determined) for the packing media of choice, the reactor volume required for a defined conversion of ammonia can be designed. A general outline of the design procedure follows. 1. Select reactor media:
S Recently composted material should be used (0 to 2 months) to minimize or eliminate a lag phase during start−up. S Particle size (d) should be 2 to 3 mm < d < 25.4 mm to minimize pressure but provide surface area for reaction. S Wood chips or other relatively inert media with particle sizes greater than 20 mm should be added to reduce pressure drop. S The percentage of amendments to reduce pressure drop should be based on a DP/L (pressure drop per length) versus linear velocity study. 2. Determine the kinetics of degradation with the active media of choice (i.e., a composted material) as outlined in this article: S Is the overall reaction of first, zero, or intermediate order, or can Michaelis−Menten kinetics be used to describe the rate law? S Kinetics can be determined with bench−scale or pilot− scale systems, but the reactors must be of the packed− bed type (i.e., the same type of reactor anticipated at scale). S Determine the rate constant(s) for the process. 3. Use the rate law and plug−flow design equation (eq. 7) to calculate the required reactor volume (i.e., volume of active packing). Data required are: S Maximum inlet NH 3 concentration and volumetric flow rate at the swine facility. S Required conversion of ammonia to define the outlet concentration. 4. Calculate the mass of active compost required from the bulk density of the compost. 5. Mix the active compost with an inexpensive bulking agent at different ratios and perform a DP/L versus linear velocity study. Defining the maximum allowable pressure drop across the biofilter and height of packing, choose the ratio that gives the highest linear velocity and minimizes the pressure drop. Nicolai and Janni (2001) suggest a minimum 30% (% w/w) compost to wood chip ratio.
6. Calculate the mass of wood chips or other amendments required based on the bulk density of the amendments and steps 4 and 5. 7. Calculate the surface area of the reactor using the linear velocity obtained in step 5 and the entering volumetric flow rate (A c = Q/U, where Q is the volumetric flow rate, and U is the linear velocity).
NON−IDEAL REACTOR DESIGN
In the above design procedure, plug flow was assumed. However, our data indicate that reducing the height to diameter or length ratio increased longitudinal dispersion. Typically, fixed−bed reactors are considered plug flow at catalyst bed length−pellet (L/d p ) ratios > 50 for isothermal condition (Carberry, 1976) . Particle size analysis of the yard waste compost alone yielded a large range, with 53% of the compost having a size ranging from 0.8 to 2.54 mm; thus, plug flow would be predicted for ad p of 2.54 mm and packing height of 0.9 m. However, the addition of bulking amendments coupled with the presence of larger particle sizes (30% ranged between 6 and 13 mm) could have decreased the L/d p ratio. Deviation from plug flow has been attributed to a large particle size distribution, variation in media permeability, reactor geometry, and the geometry of the air distribution system (Zarook et al., 1998; Chitwood et al., 2002) . These results indicate that the use of ideal reactor design equations (i.e., assuming plug flow) will overpredict conversion and underpredict the required mass of catalyst for biofilter scale−up. Until a formalized method is developed to predict the Peclet number (or vessel dispersion) as a function of key variables (e.g., reactor height to length ratio, medium porosity, particle size distribution, etc.), a correction factor should be added to the ideal reactor volume calculated from the plug−flow design equation (potentially 5% to 10%, based on the dispersion model).
CONCLUSIONS
A reactor design method has been developed based on the kinetics of ammonia oxidation, and compost−based biofilters have been shown to be a viable method of ammonia removal from swine facilities. The kinetics of ammonia oxidation was demonstrated to be first−order over ammonia concentration ranges typical of many agricultural operations, indicating the validity of using a first−order rate law for reactor design purposes. The volume of catalyst (i.e., compost) will be a function of the inlet flow rate, ammonia concentration, and specified fractional conversion. Additional research is required to develop a formalized method to predicate deviations from ideal conditions and correction factors for reactor volume at full scale, and to develop inexpensive methods of emission humidification, online moisture analysis, and water addition.
